As a result of the '"spatially relative" nature of perfusion defect analysis of stressredistribution thallium-201 (2oiT1) scintigrams, hypoperfused myocardial segments may not appear as perfusion defects but they may demonstrate a slow washout rate of 201T1 that can be analyzed in a "spatially nonrelative" manner. Quantitative analysis of perfusion defects and slow washout rate of 101Tl was performed on scintigrams from 1 16 consecutive patients with adequate exercise tests, defined as achievement of 85% or more of age-predicted maximum heart rate or development of angina or ST segment depression. A total of 232 diseased and 116 nondiseased vessels were found in the patients. Additional analysis of slow washout rate significantly (p < .05) improved sensitivity for detection of disease in the left anterior descending (from 74% to 82%). left circumflex (from 40% to 61 %), and right coronary arteries (from 78Cr to 90%) without significant loss of specificity. This improvement resulted from the additional detection of 32 of 232 (1 4%) diseased vascular distributions when the isolated slow washout rate of 2i'(Tl was also deternined. In nine of these 32, isolated slow washout rate was associated with another region with isolated slow washout rate in the contralateral myocardial segment. Coronary arteriography revealed similar degrees of stenosis in the vessels supplying these segment pairs. In 13 of 32 cases, a perfusion defect and a slow washout rate were found in the contralateral segment. Coronary angiography revealed that 10 of these 13 segments with perfusion defects were supplied by vessels in which there was a greater degree of stenosis than that in the vessel supplying the segment with isolated slow washout rate. For the remaining 10 of 32, the contralateral myocardial segment was normal. The initial NIITI distribution in all1 0 myocardial segments in which isolated slow washout rates were noted showed slightly decreased regional 20 TI activity that was just within the normal range. The coronary artery supplying the myocardial segment with an isolated slow washout rate had stenosis of a greater degree than that supplying the contralateral myocardial segmient in nine of 10 cases. The finding of isolated slow washout rates in these patients with adequate exercise tests was highly specific (95%) for segmiental disease. We conclude that in patients with adequate exercise tests the occurrence of slow regional myocardial washout of ')iTl in the absence of perfusion defect significantly improves the detection of segmental myocardial hypoperfusion. This improvement appears to be due to the spatially nonrelative nature of 20'lTI washout rate analysis, which complements the spatially relative perfusion defect analysis for the assessment of diseased myocardial segnients.
STRESS-REDISTRIBUTION thallium-20 1 ("'Tl) myocardial scintigraphy with conventional perfusion defect analysis has high sensitivity for overall detection of coronary artery disease. Perfusion defect analysis, however, fails to detect all myocardial regions subtended by diseased coronary arteries and therefore frequently results in underestimation of the extent of disease in patients with multivessel coronary involvement.`9 This has been attributed in part to the fact that stress perfusion defect analysis (performed CIRCULATION either visually or quantitatively) is a "spatially relative" method: in a given view, myocardial regions are assessed relative to one another and thus, a region with decreased absolute 20'Tl concentration may appear normal relative to another region in which there is equally low or lower initial uptake of 20'Tl. A "spatially nonrelative" indicator of regional myocardial hypoperfusion might, however, demonstrate abnormality in a hypoperfused myocardial region that is missed by perfusion defect analysis.
Experimental studies of myocardial thallium kineticsl'' 10 have demonstrated that there is a slower than normal washout rate of 20'TT in ischemic regions. Since it is difficult to evaluate the regional myocardial washõ ut rate of thallium visually, objective computerized techniques for this measurement have been recently developed. '22-4 In the technique developed by our group,'2 ' 1 regional myocardial washout rate is expressed as percent change in regional 201ITI activity from stress to redistribution time. This technique also uses a spatially nonrelative approach to the definition of the abnormal regional myocardial percent`'T1 washout: each patient's observed regional percent washout values are compared with a previously determined normal limit rather than with findings from other regions in the same patient. While the diagnostic accuracy of this technique for overall detection of disease was comparable to that of conventional visual analysis, it demonstrated a significantly higher sensitivity for detection of individual coronary artery stenoses when compared with visual analysis ," and thus led to improved evaluation of the extent of coronary artery disease. Of particular interest was the finding that the majority of hypoperfused regions that were missed by visual analysis but were detected by the quantitative method were in patients with multivessel coronary disease, and that they demonstrated a slow 20'TT washout rate without any apparent stress perfusion defects. 13 This study was undertaken (1) to evaluate further the contribution of regional myocardial 20'T1 washout analysis to the detection of disease in individual coronary arteries and (2) to investigate the mechanism by which certain hypoperfused myocardial regions demonstrate slow clearance rate of 21ITI in the absence of an initial perfusion defect. Methods Patient population. The study population consisted of 1 16 patients who were referred to our cardiac stress laboratory for diagnosis and/or evaluation of coronary artery disease between June 1979 and October 1980 and who underwent both 20'TI stress-redistribution scintigraphy and coronary angiography. The following patients were not included in this group: (1) patients whose stress testing-to-angiography interval was more than 6 months, (2) patients who were referred for stress testing after coronary artery bypass surgery, and (3) patients with inadequate stress tests (nine patients). An exercise test was considered to be inadequate when it was terminated before the patient had reached 85% of his or her age-predicted maximum heart rate without development of angina or ST segment depression. Patients on fl-blockers were routinely asked to discontinue the drug 48 hr before the test. The mean age of these patients was 55 years (range 31 to 78). There were 94 males and 22 females. Of these patients, 39% had typical angina, 28% had atypical angina, 15% had nonanginal chest pain, and 18% were asymptomatic. Forty-five patients had prior myocardial infarction documented by history and/or diagnostic changes on the resting electrocardiogram.
Coronary arteriography. Coronary arteriography in multiple projections was performed by the Judkin's or Sones' technique within 26 + 8 days (mean + SD) of the thalium stress study. Coronary cineangiograms were reviewed by two independent, experienced observers who were unaware of the results of thallium scintigraphy. Coronary artery stenosis was graded according to the maximal diameter narrowing of the lumen. For purposes of analysis, coronary artery diameter narrowing of 50% or more was considered anatomically significant. The severity of coronary involvement was classified according to the following categories, depending on the degree of stenosis: ( 1) 50c%c or more to less than 75% stenosis, (2) 75% or more to less than 99%. (3) 99% stenosis (subtotal occlusion), and (4) 100O%c occlusion. In arteries with multiple stenoses, the severity of coronary disease was judged based on the most severe lesion.
Exercise thallium scintigraphy. Patients exercised while in the postabsorptive state on a continuous multistage treadmill according to the Bruce protocol until chest pain, serious arrhythmia, exertional hypotension, or fatigue occurred. Blood pressure and the 12-lead electrocardiogram were monitored before, during, and after exercise. At peak exercise 1.5 to 2.0 mCi of 21ITI was injected through a previously inserted intravenous cannula. All patients continued to exercise for another 60 to 90 sec after injection.
Thallium imaging was begun approximately 6 min from the time of injection of intravenous tracer with a standard field of view Anger camera with 37 photomultiplier tubes, a 1/4 inch thick sodium iodide crystal, and a high-resolution, parallel-hole collimator. Multiple images were obtained in the anterior, 45 degree, and 70 degree left anterior oblique views, each for a preset period of 10 min. The total count rate on each initial image was approximately 500.000. which decreased to approximately 300,000 counts per view on the redistribution study. Redistribution images were obtained 3 to 5 hr after exercise in the three identical views. All images were stored on a magnetic disk in a 128 x 128 x 8-bit matrix. Images were also recorded directly on Polaroid film for visual interpretation.
Quantitative thallium scintigraphic anaysis. The technique for quantitative analysis of thallium stress-redistribution scintigrams has been previously described in detail'2 and clinically applied. 13 Briefly, the principal steps of computer processing included: (1) modified bilinear interpolative background subtraction'5 16 and standard nine-point smoothing, (2) generation of maximum count circumferential profiles for both the stress and redistribution images, and (3) alignment of the apex to 90 degrees on the circumferential profiles.
The percent of myocardial 20'TI washout between the times stress and delayed imaging time was calculated for each of 60 points along the profile in each view with the formula where A = stress myocardial activity and B = myocardial activity at the same location at the time of delayed imaging. From this calculation the computer generated a washout rate circumferential profile. The stress and washout rate circumferential profiles were then automatically compared with previously established lower limits of normal for each view (mean minus 2 SD of normal population sample of 33 patients). A stress perfusion defect was defined by points along the stress circumferential profile lying below the normal limits. Similarly, slow washout was defined by points along the washout rate profile lying below the normal limit.
For a segment to be designated abnormal. at least one area of 18 degrees (three continuous radii) or more in either of the profiles had to extend below the normal limit. For a study result to be considered abnormal at least two abnormal segments had to be present in the entire study.
Assignment of myocardial segments to coronary arteries. The myocardium was divided into three segments in each view. In figure 1 the angular degrees of circumferential profiles corresponding to the different myocardial segments are shown. The segment of the ventricle from 210 to 330 degrees in each view was not analyzed since it was considered to represent the outflow tract. Moreover, the apical and inferoapical regions (segment of the ventricle from 60 to 120 degrees in each view) were not assigned to a specific coronary artery because of variable overlap of different coronary arteries in these regions.49I . 3 The remaining segments in each view were assigned to a specific branch of the coronary system in the following manner4* 9 13: in the anterior view, the anterolateral segment to the diagonal branch of the left anterior descending artery, and the inferior segment to the right coronary artery; in 45 degree left anterior oblique view, the septal segment to the left anterior descending coronary artery or its septal branches and the posterolateral region to the left circumflex artery; in 70 degree left anterior oblique view, the anteroseptal segment to the left anterior descending coronary artery or its septal branches and the inferior wall to the right coronary artery.
The territory of the left anterior descending coronary artery therefore consisted of the anterolateral, septal, and anteroseptal segments, that of the right coronary artery comprised the inferior wall in the anterior and 70 degree left anterior oblique views, and that of the left circumflex artery was represented by the posterolateral wall. For detection of disease in each of the three major coronary arteries, abnormality of any segment in a vascular territory was considered indicative of disease in the corresponding coronary artery.
Statistical analysis. McNemar's test17 was used to assess the significance of the differences in the sensitivity and specificity of perfusion defect and/or slow washout rate vs perfusion defect alone with regard to overall detection of coronary artery disease and detection of disease in individual coronary arteries. A p value of less than .05 was considered to indicate significance. Table 1 depicts the distribution of coronary artery disease in the study population. Of 116 patients, 60 had triple-vessel, 18 had double-vessel, and 16 had single-vessel disease and 22 were found to have no significant coronary stenosis. scending arteries, perfusion defects were present in the distribution of 63 (74%) and either perfusion defects or slow washout was present in 70 (82%). The sensitivity for detection of stenosis of the left anterior descending coronary artery with the combined analysis of perfusion defect and slow washout was significantly higher (p < .05) than that of the criterion of perfusion defect alone. The sensitivity for detection of stenosis of the left circumflex coronary artery was 61% (46 of 75 vessels) with use of the combination of perfusion defect and/or slow washout criteria. This sensitivity was significantly higher (p < .05) than that of perfusion defect analysis alone (30/75 = 40%). Similarly, a higher (p < .05) percentage of lesions of the right coronary artery (65/72 = 90%) were detected by use of the combination of criteria compared with perfusion defect criterion alone (56/72 = 78%).
Results
There was no significant difference between the specificities for identification of individual coronary lesions with use of the criterion of perfusion defect alone or the combination criteria; 22 of 31 (71%) left anterior descending vessels that were not diseased were appropriately designated normal by quantitative perfusion defect analysis and 21 of 31 (68%) were identified by the combined analysis. For the left circumflex artery, the specificities were 98% (40/41) and 93% (38/41) for perfusion defect and the combined analyses, respectively, and for the right coronary artery the specificities were 70% (31/44) and 64% (28/ 44) for perfusion defect and the combined analyses, respectively. Overall, the specificity of perfusion defect criteria alone was 80% (93/116), which was not significantly different from the overall specificity of 75% (87/116) when the combined criteria were used.
Presence of isolated slow washout. Isolated slow washout was considered present only when it was the only abnormality in the entire vascular territory on all three views, i.e., only when there was no perfusion defect in any segment of the vascular territory in question.
Of a total of 348 vascular territories (three vascular territories for each of 1 16 patients) isolated slow washout, i.e., slow washout in the absence of an associated perfusion defect, was observed in 38. In each case the abnormality was restricted to one myocardial segment. Thirty-two of the 38 were supplied by vessels with significant stenosis and six were subtended by a normal coronary artery. Isolated slow washout of 201TI therefore occurred in 32 of 232 (14%) diseased and six of 116 (5%) nondiseased vascular territories. There was no electrocardiographic evidence of prior myocardial infarction in any of 32 myocardial segments associated with diseased coronary arteries. The presence of slow washout in these segments was responsible for the increased sensitivity of the combined criteria approach over that of the perfusion defect criterion alone for detection of individual coronary stenoses; the abnormal washout pattern in these segments allowed detection of an additional seven stenosed left anterior descending arteries, 16 stenosed left circumflex arteries, and nine abnormal right coronary arteries.
In each case the segment in which there was an isolated washout abnormality (the ipsilateral segment) was compared with the contralateral segment in that view (figure 3) . Quantitative analysis of the latter segments demonstrated isolated slow washout in nine (group I), both a perfusion defect and a slow washout abnormality in 13 (group II), and normal findings in the remaining 10 (group III) (table 2) . It should be noted that although the nine contralateral segments in group I had isolated slow washout abnormalities, these did not contribute to the detection of additional diseased vascular territories since in each case a perfusion defect was present in another view in the distribution of the contralateral vascular territory. There were therefore only 32 diseased vascular territories in which the only scintigraphic abnormality in any view was slow washout of 201T1.
In each of the three groups the segment pairs were compared with respect to relative regional concentration of thallium as well as the degree of stenosis in the vessels supplying the two segments. The relative regional concentration of thallium was judged by examination of the circumferential profiles of the initial 201TI distribution.
All the segment pairs in group I had essentially equal thallium concentrations; the variation in counts between the two segments was no different from that noted in a previously studied group of normal subjects. 12. 13 Moreover, the angiographic classifications of stenosis in vessels supplying these nine segment pairs were the same (table 2) . This implied balanced reduction of blood flow to both ipsilateral and contralateral myocardial segments. Figure 4 illustrates data from a characteristic patient with group I segments. The circumferential profile of the stress thallium distribution (figure 4, A) showed a similar degree of 201T1 activity in the anterolateral and inferior myocardial segments in the anterior view. The normalized activity curve of the patient was well above the lower limit of normal and thus no perfusion defect was present. Washout analysis ( figure 4, B) revealed that the patient's washout profile fell below the lower limits of normal in both the anterolateral and inferior segments, demonstrating isolated slow washout of 201TI from these myocardial segments. With respect to the blood supply of the anterior wall, coronary angio-graphic examination of this patient revealed 90% stenosis of the proximal left anterior descending and 90% stenosis of the first diagonal branch. Similarly, the blood supply of the inferior wall was by the right coronary artery, in which 90% proximal stenosis and 90% stenosis of the posterior descending branch was found.
In group II segments, by definition, the contralateral segment demonstrated both a perfusion defect and slow washout while the ipsilateral segment had isolated slow washout. Thus, there was a lower initial thallium concentration in all 13 contralateral segments than in the ipsilateral segments. In 10 of these 13, coronary angiograms revealed that the artery supplying the contralateral myocardial segment had a greater degree of stenosis than the artery supplying the ipsilateral segment in which slow washout alone was found. . Artist's direct drawing of the unsmoothed initial 201T1 distrubution (A) and regional percent washout (B) circumferential profiles in an anterior view from a representative patient with group I segments. The initial 20 Tl distribution is entirely normal since the patient's profile (PT) is well above the lower limit of normal (NL). The patient's washout profiles for both the anterolateral and inferior segments fall below the lower limits of normal, however.
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This implied bilateral but imbalanced reduction of blood flow to myocardial segmental pairs. Figure 5 illustrates results of quantitative analysis of the 45 degree left anterior oblique view from a patient with group II segments. The stress circumferential profile ( figure 5, A) showed that the 201T1 activity of the posterolateral segment was within the normal range in this patient, but perfusion defects were demonstrable in the inferoapical and septal segments. The washout circumferential profile, however ( figure 5, B) , showed that in addition to the septal and inferoapical segments, the posterolateral segment was abnormal. Coronary angiograms from this patient showed 99% stenosis of the left anterior descending artery proximal to the first septal perforator. The left circumflex artery, supplying the posterolateral wall, had a 60% proximal lesion. . Initial stress 2"TI distribution (A) and regional percent washout (B) profiles in 70 degree left anterior oblique view from a representative patient with group III segments. The patient's initial distribution profile (PT) lies entirely above the normal limit (NL); however, 201'T1 uptake in the inferior myocardial segment is less than that in the anteroseptal segment. The patient's washout profile falls below normal limits for the apical and inferior myocardial segments, demonstrating presence of isolated slow washout in these myocardial regions.
In group ILL by definition the contralateral myocardi--.
-al segment demonstrated no perfusion or washout abnormality. Although the thallium concentration was relatively lower in the ipsilateral segments, in all 10 segments it remained within the lower limit of normal.
POS5TT
In nine of 10 cases coronary angiography revealed a 33 3A60 higher class of stenosis in the vessel supplying the segment with isolated slow washout than in the vessel gional percent supplying the contralateral segment with no abnormal-> view from a ity on quantitative analysis. In the remaining one of 10
.nt's stress cir-cases the degree of stenosis was similar bilaterally. cal regions lie Figure 6 illustrates quantitative profiles from the 70 sion defects in degree left anterior oblique views of a patient with ment compared with the anteroseptal segment, the degree of decrease was not large enough to cause a fall below the lower limit of normal. The washout profile ( figure 6, B) for the inferior segment, however, was abnormal. Coronary angiography in this patient showed complete occlusion of the right coronary artery, which supplied the inferior wall. The left anterior descending vessel, which supplied the anteroseptal segment, had 50% proximal stenosis.
Discussion
In this study, addition of 0'1T1 washout analysis to stress perfusion defect analysis significantly enhanced the ability to detect abnormality in myocardial segments subtended by diseased coronary arteries and thus there was improved detection of individual coronary stenoses. This contribution was the result of the fact that 32 ischemic vascular territories in which no perfusion defects were found demonstrated slow 201TI myocardial washout rates.
To determine the mechanisms of slow regional washout rate of thallium in the absence of a perfusion defect, the scintigraphic findings and regional coronary blood supplies in the 32 myocardial segments with isolated slow washout were compared with those in the contralateral myocardial segments in the same view.
The findings in group I segments suggest that because of balanced reduction of flow to both myocardial segments, the spatially relative approach for defect analysis fails to demonstrate any perfusion defect; however, results obtained with the spatially nonrelative approach of regional washout analysis demonstrate presence of slow regional washout of 201TI as an index of myocardial hypoperfusion. The suggestion that blood flow in group I segments was reduced to a similar degree bilaterally is supported by the finding of similar degrees of stenosis in the vessels supplying the ipsilateral and the contralateral segments and the finding of associated similar initial 201TI activity in both segments in each case. Segmental myocardial 20ITI uptake has been shown to be directly and linearly related to the amount of regional blood flow in patients at rest and during exercise. Our findings in group II segments suggested imbalanced reduction of blood flow to myocardial segment pairs resulting in no apparent perfusion defect in the region supplied by the vessel with a relatively lesser degree of coronary stenosis. Spatially nonrelative analysis of 201TI washout, however, uncovered the abnormality in these apparently normal but actually hypoperfused segments. These first two mechanisms may in part explain the reason for low sensitivity of perfusion defect analysis for detection of individual coronary stenoses in patients with multivesssel coronary disease and the complementary role of regional washout rate analysis of 20TI in improving the detection rate.
The ipsilateral segments of group LII that were supplied by diseased coronary arteries and showed isolated slow washout of 20'T1 represent segments in which both perfusion defect and slow washout might be expected to occur together. Although a quantitative perfusion defect was not present in these segments, all 10 did show a relative decrease in initial uptake of 201T1 compared with the contralateral segments, although the extent of decrease remained within the range of normal limits. This problem is inherent in a method that uses a statistically determined range of normal limits. Although our method assumes a Gaussian distribution of normal segmental 20ITI counts around the mean and uses mean -2 SDs as the lower limit of normal, in a separate study we found no difference in the results obtained with use of an observed range in which the 97th percentile was used to define the normal limits. 23 Occurrence of isolated slow regional washout of myocardial`07T1 was highly specific for presence of segmental disease, as evidenced by the fact that it was observed in only six of 116 nondiseased coronary arteries. It is possible that termination of exercise test at a very low heart rate in the absence of clinical and electrocardiographic evidence of ischemia may result in a higher incidence of false-positive results of regional slow washout analysis.4 However, this mechanism was probably not operative in our patients since none of them were on propranolol and all had an adequate exercise test (i.e., either achieved heart rate of -85% predicted maximum for age and sex or attained a lower than 85% predicted heart rate but developed angina and/or ST segment depression). We are currently investigating the effect of achieved exercise heart rate on regional myocardial 201T1 washout rate in a larger group of patients.
In addition to inadequate exercise tests, the following other conditions may cause slow regional washout rate of 201T1 in the absence of coronary artery disease: (1) subcutaneous infiltration of 201T1 at the site of injection, (2) inappropriate data acquisition (e.g. inad-78 CIRCULATION equate counting statistics or use of preset count rather than preset time for acquisition), (3) inappropriate imaging times, e.g., delayed start of stress imaging (>15 min after exercise) and early start of redistribution imaging (<3 hr after stress), and (4) processing error such as malpositioning of the background subtraction box and center and apex of the left ventricle, the latter of which results in misalignment of the stress and/or redistribution profiles. Thus, before a slow washout abnormality (ether segmental or diffuse) can be considered indicative of coronary disease, these aspects of quality control of the exercise test, acquisition of scintigraphic data, and procedure for image processing are necessary.
In summary, the present study confirms our previous findings that the additional quantitative analysis of regional 201TI washout rate improves the ability to detect individual coronary stenoses compared with that by defect analysis alone. This improvement appears to be due to spatially nonrelative nature of washout rate analysis, which complements the spatially relative perfusion defect analysis in the assessment of diseased myocardial segments. Such improved detection of diseased myocardial segments by regional myocardial 201T1 washout analysis may result in enhanced identification of patients with triple-vessel and/or left main disease. 26 The results are particularly important in the occasional triple-vessel disease patient with balanced reduction of coronary blood flow that may go entirely undetected by perfusion defect analysis alone. 27 
